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Abstract

The vertical beam size measurement was carried out at
BEPCII using a phase grating and an absorption grating
based on the Talbot effect. Due to the partial coherence of
the source, coherence length can be calculated by measur-
ing the visibility decay of interferograms recorded at dif-
ferent distances behind gratings. The vertical beam size of
68.19+2 pm was obtained based on the relationship be-
tween coherence length and source size. A comparison of
the vertical emittance derived from grating Talbot method
and synchrotron radiation visible light interferometer
method was presented to evaluate the method. The vertical
emittances from two methods are 1.41 nm-ad and
1.40 nm-rad, respectively. The 0.1% difference indicates
the grating Talbot method for beam size measurement is
reliable. This technique has great potential in small beam
size measurement in the fourth-generation synchrotron ra-
diation light source, considering its small diffraction limi-
tation and simple experimental setups.

INTRODUCTION

The requirements of synchrotron radiation facilities
about high coherence, high brightness and small beam
sizes have been proposed in some x-ray beamlines for ap-
plications such as x-ray phase contrast imaging, coherent
x-ray diffraction imaging and x-ray holography [1-3]. The
beam size measurement is essential for beam adjustment
and beam dynamics study.

Synchrotron light can afford to measure beam sizes in
synchrotron radiation facility [4, 5]. Thanks to its short
wavelength, x-ray can greatly improve the imaging resolu-
tion to meet small beam size measurements. The x-ray pin-
hole imaging, as a common method, has been applied at
Diamond Light Source (DLS), European Synchrotron Ra-
diation Facility (ESRF) and so on [6-8]. It is characterized
by real-time and high measurement accuracy. However, it
doesn’t work for extremely small beam size due to low res-
olution caused by diffraction limitation and imaging. X-ray
Fresnel zone plates (FZP) imaging and KB mirror focusing
imaging show advantages in micron-scale beam size meas-
urement. However, they suffer from high processing diffi-
culties [9, 10]. In recent years, some new measurement sys-
tems have been established for beam size measurement.
[11, 12].

For the case of synchrotron radiation sources with high
coherence, it is feasible to derive light source size by spa-
tial coherence. One of the Talbot effect applications is fo-
cused on spatial coherence measurements of x-ray in
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synchrotron radiation sources. The spatial coherence of x-
ray emitted from a bending magnet has been measured us-
ing the Talbot effect of a n/2 phase checkerboard grating
and a 7/2 phase circular grating respectively at Advanced
Photon Source (APS) [13, 14]. However, the above articles
are of no interest to beam size measurement. Given the re-
lationship between spatial coherence and source size, the
grating Talbot method can afford to measure beam size ow-
ing to its little diffraction limitation. Most importantly, the
experimental setup is simple, which only needs gratings, a
displacement platform, and an x-ray camera without
changing any components in the beamline front end.

At BEPCII, we measured the vertical beam size at 3W1
beamline employing the grating Talbot effect. A partially
coherent quasi-monochromatic x-ray has been employed in
this experiment. The vertical beam size is calculated suc-
cessfully from the self-image interference fringes of a grat-
ing interferometer. Then the vertical emittance of the stor-
age ring is calculated by the vertical beam size and  func-
tion. The vertical emittance from a bending magnet is de-
rived using visible light interference method. An extremely
small difference between the two vertical emittances is pre-
sented, which illustrates that the grating Talbot effect
method is of great potential to measure beam size.

THEORY BACKGROUND

In 1836, Talbot found that a monochromatic parallel
beam transmitting through a grating vertically will gener-
ate a series of grating images at certain distances behind
the grating, which is called Talbot effect [15]. There is a
specific relationship between the visibility of the Talbot
image and the complex coherence function of the light
source [16, 17].

The interference intensity of two beams from an ex-
tended source at any point can be written as

L= ([E@)+E®)] [E* )+ E*(p)])
=1 + I, + 2Re{J;5} (D
where E(p)) and E(p,) are electric fields formed by two
points on an extended source, and J, is the mutual inten-
sity function of the two light beams from the two
points [18].
The normalized mutual intensity function jj,, called the
complex coherence function, is expressed as
Jap = Jiz_ _ _Jiz 2)
127 iz Jhl

Combining Eq. (1) and Eq. (2)

I'=1+ L + 2\ L, |jzz|cos (¢;,,) 3)
where @j12=Arg(j12). The third term of Eq. (3) expresses the
interference effect. | ji»| takes the value 1 corresponding to
the complete coherence of the two beams and takes the
value 0 corresponding to the complete incoherence. In the
case of partial coherence, it takes value between 0 and 1.
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The complex coherence function can be calculated from
the visibility measurement of interference fringes formed
by two light beams. The visibility can be expressed as

V= Imax—Imin (4)

Imax+Imin
where Imax and Ini, are the maxima and minima intensity of
interference fringes respectively. They can be achieved
from Eq. (3),
Lpax =5 + 1 + 2\/ Illzljlzlflmin

=L+L -2y L1z j12] (5)
Inserting Eq. (5) into Eq. (4),

S V(ptln)
o] = S22 ©)
For a phase grating, I,=I,, Eq. (6) can be rewritten as
ljizl =V (7

That is to say, the visibility of fringes is equal to the co-
herence degree of beam.

The synchrotron radiation intensity has a good approxi-
mation of Gaussian distribution, which can be written as

2 2
I (sx, sy) = [yexp [— ;T"; — %] 8)

where sy, sy are the coordinates in the source plane, o and
oy are the source size along horizontal and vertical direc-
tions, respectively.

The complex coherence function is also a Gaussian dis-
tribution according to the propagation theory of mutual in-
tensity function, which is expressed as

. . x?2 y?
lj(x, ¥)| = joexp [_E_% )
AD AD
$x = Znax'fy - 210y (10)

where x and y are the horizontal and vertical axes which
are perpendicular to the direction of beam propagation, &
and ¢, are the coherence length in x and y directions, re-
spectively, D is the beam propagation distance from the
source, and 4 is the transmission wavelength.

In this experiment, the measured visibilities are from a
series of grating self-imaging interference fringes at differ-
ent d, the distance between grating and camera. For a
n/2 phase-shift grating, the interference fringes are formed
by the neighbouring diffraction orders, thus the coordinates

in Eq. (9) can be rewritten in terms of d [18],
. dA
l=?,L=x,y (11)

where p; is the period of interference fringes along 7 direc-
tion. As a consequence, Eq. (9) can be expressed as a func-
tion of d

. . —d?
(D] = joexp (G552 (12)
where d; is the width of Gaussian envelop function along i

direction. Combining Eq. (9) and Eq. (11), the coherence
length can be expressed as

(13)
Inserting the measured coherence length &,y ;to Eq.
(10), the source size can be calculated.

EXPERIMENTAL SETUP

Figure 1 shows the schematic of the experimental setup.
A 9x1.3 mm? slit is placed 15.54 m from the source. The

_ A% . _
fexp,i - =Xy
pi
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double-crystal monochromator (DCM), consisting of two
Si(311) crystals, is located downstream of the silt 2.25 m.
The output photon energy of 15 keV is obtained using tun-
ing DCM. The x-ray energy bandwidth is
(1.7+0.001)x103, A beryllium window is 9.48 m away
from DCM. The 1-D w/2 phase grating with a period of
2.4 pm is placed 28.91 m from the source. The 1-D absorp-
tion grating with the same period is placed close to the x-
ray camera to detect clear interference fringes at different
distances d. The x-ray camera consists of a CCD, a lens
and a LYSO (lutetium-yttrium oxyorthosilicate) scintilla-
tor which is used to convert x-rays into visible light. The
CCD pixel size is 6.5%6.5 um? and the lens magnification
is 20. The resolution of the x-ray camera is about 0.65 um,
which is sufficient to detect the self-imaging fringes of the
grating interferometer.

Insertion . Be Pi/2 Phase Absorbing
Device ‘c’||"E bcm window Gratting Gra\tting
_— I B » \ \\ X-ray
_—— ~
| T \ \ Camera
1554m . 2.25m_. 9.48m __ 164m. d
D

Figure 1: The schematic of experimental setup.

The grating interferometer consists of a phase grating
and an absorption grating. Figure 2 shows the pictures and
scanning electron microscope images of two gratings fab-
ricated by Microworks, Germany. The black line in the pic-
ture indicates the direction of grating lines. Some fabricat-
ing parameters of gratings are shown in Table 1. Consider-
ing the beam size and the distance between the source and
gratings, the gratings period of 2.4 um has been selected.
The duty cycle is set as 0.5 for uniform self-imaging
fringes. The polymer height of phase grating 18.6 pm and
the gold height of absorption grating 14 pm are determined
by phase shift and x-ray energy of 15 keV.

The experimental grating interferometer is shown in Fig-
ure 3. The phase grating is fixed on an optical platform.
The absorption grating and x-ray camera move together
along the direction of light propagation. The phase grating
produces self-images at fractional Talbot distances (dn)
following the equation d,=n*(p2/2i), where n=0.5, 1.5,
2.5...[19]. Each self-image is superimposed with absorp-
tion grating forming Moire fringe which is detected by an
x-ray camera. The grating lines are placed horizontally for
the measurement of vertical beam size.

Table 1: Some Fabricating Parameters of Gratings

Parame- phase grating absorption grat-
ters ing
Period 2.4 ym 2.4 um
Duty Cycle 0.53+0.01 0.511+0.01
Area >2.5%2.5 mm? >2.5%2.5 mm?
Height Polymer 18.6 um  Gold 1441 um
Substrate 10 um Polyimide 10 um Polyimide
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(b) absorption grating

Figure 2: The pictures and scanning electron microscope
images of (a) phase grating and (b) absorption grating.
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Figure 3: The experimental grating interferometer.

RESULTS AND ANALYSIS

The interferograms at multiple detection positions from
40 mm (close to the phase grating) to 410 mm (the maxi-
mum distance) with an interval of 4 mm are presented. The
visibility of each interferogram as a function of detection
distance d is shown in Figure 4. As expected, the visibility
shows periodic oscillations and the local maximum of vis-
ibility at fractional Talbot distance decreases gradually due
to the partial coherence of the source. The envelope func-
tion drawn through these maximum visibility points is
Gaussian.

Figure 5 shows the fitted Gaussian envelope curve drawn
through the maximum visibility points. The visibility error
bars are introduced through multiple measurements. The
first fractional Talbot distance about 34 mm is eliminated,
since it is smaller than the minimum distance between two
gratings. The R? of the fitted Gaussian function is greater
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Figure 4: The visibility as a function of detection dis-
tance d.
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than 0.99, presenting a high fitting accuracy. The width of
envelope function ¢ is 162.03+4.6 mm. The transverse co-
herence of the x-ray can be calculated by utilizing the width
of the envelope function according to the theory in part 2.
The vertical coherence length of 5.58+0.16 pum on the
phase grating plane is achieved. The vertical beam size cal-
culated by inserting vertical coherence length into Eq. (10)
is 0,=68.19+2 pm.

0.7

—a— Visibility
—— Fitted Gaussian envelope with weight

0.6
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o
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Visibility
o o o
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o
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Figure 5: The fitted Gaussian envelope curve drawn
through the maximum visibility points.

The vertical emittance ¢, is a constant for an accelerator.
It can be calculated by vertical beam size and Lattice pa-
rameter [, at the source point according to the formula
o,°=¢,f,. The experimental results are assessed through
comparing two vertical emittances from two methods, the
grating self-imaging method (at 3W1 beamline with wig-
gler source) and synchrotron radiation (SR) interferometer
method (at visible light beamline with bending magnet
source).

At the visible light beamline of BEPCII, we measured
the vertical beam size by a double-slit interferometer with
a wavelength of 550 nm. Because of measurement error,
the spatial coherence should be in the range of 0.1~0.9.
Taking into account the relationship of light intensity, sin-
gle slit width and double-slit distance, the slit width of
0.8 mm and the double-slit distance of 4 mm are selected.
The distance from double-slit to detector R is 0.5 m.
Figure 6 shows the interference fringes collected in the ver-
tical beam size measurement experiment. By fitting the
curve, the vertical beam size of 172 um is derived.
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Figure 6: The interference fringes and the intensity distri-
bution curve for vertical beam size measurement.
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The vertical emittances from two methods are presented.
Py 18 3.29 m and 20.98 m of 3W1 beamline source and vis-
ible light beamline, respectively. According to the formula
0,°=¢,p,, the measured vertical emittance is 1.41 nm-rad at
3W1 beamline and 1.40 nm-rad at visible light beamline.
The extremely small difference between the two values,
about 0.1%, indicates that the grating self-imaging method
can afford to measure beam size in a synchrotron radiation
source.

Possible future measurements for smaller beam sizes of
the fourth-generation synchrotron light sources with higher
light source coherence are being considered due to the little
diffraction limitation and simple experimental setups of the
proposed method.

CONCLUSION

A method based on the grating self-imaging effect for
the partial coherence of the x-ray, the transverse coherence
of the beam wavefront has a relationship with the visibility
of self-imaging interferograms. The beam size can be de-
rived from transverse coherence.

In this paper, the vertical beam size from a wiggler
source is measured by extracting visibilities of interfero-
grams formed by phase grating self-images and absorption
grating. The interferograms, also called Moir¢ fringe, has
a larger fringe period and are conducive to visibility extrac-
tion. The transverse coherence of 5.58+0.16 um at the ver-
tical direction in the plane of phase grating is obtained from
the width of the fitted Gaussian envelope function. Then
the vertical beam size is calculated to be 68.19+2 um. Fi-
nally, to evaluate the accuracy of experimental results, the
vertical emittances derived from the grating self-imaging
method and SR interferometer method are compared,
which are 1.41 nm-rad and 1.40 nm-rad respectively.
Thanks to the extremely small difference, about 0.1%, the
grating self-imaging method for measuring beam size is
considered to be reliable and accurate. This technique will
have great prospects for application in small beam size
measurement of the fourth-generation synchrotron light
sources, benefiting from the little influence of diffraction
limitation.
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